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ABSTRACT

This paper presents a study of the effects of hot-electron
degradation on analog MOSFET performance. First, an overview
is presented of how hot-electron degradation affects many com-
mon analog performance parameters such as drain output resis-
tance, device matching, and flicker noise. Next, hot-electron-
induced degradation in NMOS drain output resistance is exam-
ined in detail; physical models and techniques for evaluating dev-
ice reliability are developed. Finally, how NMOS drain output
resistance degradation affects the performance of a CMOS
single-ended output differential amplifier is analyzed.

INTRODUCTION

Because hot-electron degradation imposes limits on ULSI
scaling, its characteristics and physical mechanisms have been
extensively studied [1-6]. The effect of hot-electron degradation
on MOSFETs operating in digital circuit and memory cell appli-
cations has also been examined {7-12]. Analog circuits, which
are sensitive to device parameter variation, are expected to be
strongly affected by hot-electron degradation. However, the hot-
electron reliability of MOSFETs performing analog functions has
been the subject of only limited study, primarily focusing on
design methods to bypass the problem (at the expense of addi-
tional circuit area and complexity) [13]. In this paper, a study of
the effects of hot-electron degradation on analog MOSFET per-
formance is presented.

The NMOS and PMOS non-LDD surface-channel transis-
tors examined in this study were fabricated using a LOCOS-
isolated, single-metal process [14]. The NMOS dimensions range
from Ly = 1.0 ~ 10.0pm and from To, = 5.6 - 17.0nm. The PMOS
dimensions are Leg = 5.0um and T, = 20.5nm. For many analog
parameter measurements, the devices were biased at Vps=%1
and at Vgs = Vy £ 0.3V. This roughly approximates the quiescent
bias conditions typically seen by MOSFETS performing many
analog functions. To distinguish between fresh and stressed
parameters in this study, the subscript "0" is used to denote the
original unstressed parameter.

ANALOG MOSFET PERFORMANCE DEGRADATION

Drain Output Resistance r,: Figs. la and 1b show that
hot-electron degradation affects drain output resistance for NMOS
and PMOS devices quite differently. The NMOS r, decreases for
0.5V < Vps < 2.5V; whereas, the PMOS r, increases for
Vps < —0.5V. Note that hot-electron stress can significantly alter
I, even though litle change in the I-V characteristic may be
apparent; this is true even for long-channel devices stressed under
moderate conditions. The large variations in drain output resis-
tance shown in Fig. 1 are directly reflected in the small-signal
voltage gain gn x 1, (Fig. 2).
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Figure 2. NMOS and PMOS small-signal voltage gain g, X r, before
and after hot-electron stressing. Stress conditions are ident-
ical to those in Figs. 1a-b.
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Figure 3. NMOS and PMOS differential offset voltage  Vogpe
!)etween fresh and stressed devices. Stress conditions are
identical to those in Figs. 1a-b.
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Figure 4. Normalized NMOS drain current noise S,D/ID2 before and
after hot-electron stressing.

Simple physical explanations exist for the observed changes
in r, NMOS hot-electron damage is primarily acceptor-type
interface states created near the drain [1-5]. At low Vpg, the
states are occupied and negatively charged; this lowers the
inversion-layer mobility which reduces Ip. Increasing Vps lowers
the quasi-fermi level near the drain which empties the states; this
raises Ip which approaches its original unstressed value. The addi-
tional I, with increasing Vps results in a reduced NMOS r,.

When a MOSFET enters the saturation region, the increase
in r, is govemed by channel-length modulation and drain-
induced-barrier-lowering. As Vpg is raised further, hot-carrier
effects become significant, reducing r, [15]. PMOS hot-clectron
damage is primarily fixed electron traps [6]. These traps diminish
the drain lateral electric field causing the onset of hot-carrier
effects to occur at higher V5. Thus, the peak PMOS 1, moves to
higher Vps and increases in magnitude.

Device Matching: For many analog applications, device
matching is a major concem. Consider a "virtual” differential
pair where a fresh MOSFET is matched in a source-coupled
configuration with a stressed version of itself after having under-
gone hot-electron degradation. The offset voltage is defined as
the difference in gate bias required to sustain a particular Iy, for a
fixed Vps between the original and degraded versions of the dev-
ice. The use of a "virwal" differential pair (where for
Tstwess = 0, Vorree = 0) separates the effects of hot-electron degrada-
tion from other factors that may affect Vog,e.

Fig. 3 shows that Vo, is a sensitive function of Ip. The
offset voltage can be modeled as [16]

Votrse = 2AVr — (Ip/gm) X Alleg/lesr- (¢))

where AV = Vi — Vg, Al = e — Herro, and the + sign applies to
NMOS and PMOS devices respectively. For small Ip, Vo iS
due primarily to change in the inversion-layer charge density; for
large Ip, Vo, is due primarily to inversion-layer mobility degra-
dation. For NMOS devices, AVr >0 and Apr<0 [1-5); from
Eq. 1, Vome >0 for all Ip. For PMOS devices, AVr >0 and
Apegr < 0 [6]; from Eq. 1, Vogy < 0 for small I, and Vg > 0 for
large Ip. Fig. 3 displays these dependencies.

Drain Current Flicker Noise: In Fig. 4, NMOS normal-
ized drain current flicker noise is observed to increase
significantly after undergoing hot-electron degradation. This
additional 1/f noise arises from hot-electron-generated interface
states which induce fluctuations in the inversion-layer charge den-
sity and mobility [17,18].
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DRAIN OUTPUT RESISTANCE r, DEGRADATION

Characteristics of r, Degradation: Next, this study con-
centrates on characterizing and modeling the hot-electron degra-
dation of NMOS drain output resistance. In Fig. S, Ar/r, and
Agn/gmo both have time dependences of the form TSeess Where
n=06. Fig. 5 also indicates that degradation in the NMOS
small-signal voltage gain (Fig. 2) is primarily due to degradation
in r, rather than in g,. The correlation between Ar/rq and the
increase in charge-pumping current Alcp shown in Fig. 6 supports
the concept that interface-state generation is responsible for the r,
degradation. In addition, Fig. 6 also indicates that Ig,, can be
used to monitor the severity of the hot-electron stress. A semi-
empirical hot-electron degradation model has been developed
which relates device lifetime to Iy, and Ip [1]

T % (Ip/Wer) o« (Isuw/Ip) ™ @
Figs. 7a and 7b display lifetime correlation plots for differing L

Relation between Ar/r, and Aly/Ip,: Fig. 8 displays a corre-
lation between drain output resistance degradation and linear
current degradation. MOSFETs with different L.gs were stressed
under identical bias conditions. The lines indicate contours of
constant Ts... Using Fig. 8, the relative importance of hot-
electron degradation for a device of a particular L. performing a
digital application can be compared with another device of a
different L, performing an analog application.

A Model for r, Degradation: A semi-empirical model for
NMOS drain output resistance degradation can be developed. In
Fig. 1a, as Vp, is increased, the degraded Iy, is observed to merge
with the original Ip. Let the functions Ipo(Vp) and Ip(Vp)
represent the drain currents for the fresh and stressed devices
respectively. Define Vp; as the drain bias at which r, is deter-
mined; define Vp, as the drain bias at which Ipe(Vpy) = Ip(Vp2).
The original and degraded output resistances, and their difference
can be approximated as

and T,,. Overall, Figs. 5-7 suggest that existing hot-electron reli- - _ B
ability concepts and lifetime prediction models appear applicable foo = (Vb2 = Vo) (Ioo(Vo) — IpolVo2) ®
to r, degradation. T, = (Vpz2 — Vp1)/(Ilp(Vp2) — In(Vp2) @)
(Vpz = VoAlp
Al =T — T = 5
*® (Ipo(Vp2) = Ipo(Vo)) (Vo) — In(Vo)) ®
14 r Y T T T T 128 <148 . .
Legs = 4.5um o 0 Igy/Weit where Alp = Ipo(Vp1) — Ip(Vy). Combining Egs. 3-5 yields
12} Weg = 5.0um | Argry o 1120 Al o Arg/(Toofy) = Ar/t. 6)
) Ty = 15.6nm A AlcpWeg ] = . L -
g_ ok V:s 70V cp/Wesr i g This correlation is shown in Fig. 9.
3 1s8 § i DIFFERENTIAL AMPLIFIER GAIN DEGRADATION
~ 8¢ 21 8 = The impact of NMOS r, degradation on the performance of
K ta g a CMOS single-ended output differential amplifier was analyzed
% 6F {48 a 168 %. using the hot-electron circuit reliability evaluation program BERT
2 [19]. Figs. 10a and 10b show the circuit diagram and the simu-
iz 48 O lated voltage/current waveforms (Vce = 5V, Teye = 80ns, Input
20 < Ramp Rate =20n¢'V). Significant substrate current (and hot-
128 electron stress) is present only during voltage transitions. For the
voltage waveforms shown in Fig. 10b, only transistor M4 experi-
Jdg ences any significant hot-electron degradation.

Figure 6. Correlation between Arg/Ton, Alcp/Wegr, and I/ Wegr

For the differential amplifier in Fig. 10a, the percent degra-
dation in gain can be written as
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where g, and are the NMOS and PMOS drain conduc-
tances. Assuming an ideal PMOS 1oad, gq0,<800, and

AG/Gg = Dlog/Toim: ®

BERT was used to calculate the amount of r, degradation for
each transistor. Eq. 8 was then used to estimate the differential
amplifier gain degradation after 10 years of operation (Fig. 11).

Care must be taken in determining the hot-electron reliabil-
ity of dynamically-operated circuits from the static degradation of
individual devices. Consider Fig. 7a which shows that Ar/r, wor-
sens as L. is reduced for devices with the same amount of hot-
electron stress. However, for the differential amplifier in Fig.
10a, the common-source node voltage decreases as Ip;,, and/or Leg
increases. This causes a larger Vpg to appear across M4 and
increases the duration of the hot-electron stress; M4 is conse-
quently subjected to greater hot-electron degradation. Thus,
AG/G, worsens with increasing Ig;,, and/or longer L as shown in
Fig. 11. This example illustrates the necessity of accounting for
the details of a particular circuit design and its exact mode of
operation when evaluating circuit-level hot-electron reliability.
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CONCLUSION

Many analog MOSFET performance parameters have been
found to be very sensitive to hot-electron stress especially com-
pared with digital parameters that are normally monitored. Drain
output resistance degradation has been characterized in detail
using existing hot-electron reliability concepts and lifetime predic-
tion models. The impact of r, degradation on the performance of
a CMOS single-ended output differential amplifier has been found
to be a sensitive function of the particular circuit design and
operating conditions.
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Figure 10. (a) Circuit diagram of a CMOS single-ended output
differential amplifier. (b) Simulated input/output voltage
waveforms and the substrate current of transistor M4.

Figure 11. Simulated differential amplifier gain reduction AG/G as a
function of the bias current I, for different Leg.
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